The MiniBooNE collaboration has recently reported evidence for a light sterile neutrino with large mixing angles thus corroborating the measurement by LSND twenty years ago. Such a state would be directly in conflict with Planck measurement of BBN N ef f unless there is self-interaction in the sterile sector.
I. INTRODUCTION
The MiniBooNE collaboration has recently reported excess in the electron neutrino and antineutrino appearance channels that is consistent with the sterile neutrino hypothesis [1] . The best-fit point, ∆m 2 41 = 0.041 eV 2 and sin 2 (2θ µe ) = 0.958 (1) is consistent with the earlier measurements by the LSND collaboration [2] . In fact, the combined significance of the two data sets is 6.1σ. These results, however, are in tension with data from disappearance experiments like MINOS+ and IceCube. Other experiments like KARMEN and OPERA have not been able to confirm this excess, but they do not rule it out completely either [3] .
The existence of such a light states with large mixing angles is also in conflict with cosmology. The Planck measurement Cosmic Microwave Background (CMB) anisotropy puts severe constraints on number of thermalised relativistic degrees of freedom (N ef f ) around the epoch of Big-Bang Nucleosynthesis (BBN) i.e. T γ = 1 MeV [4] . One possible resolution to this puzzle is to assume self-interactions in the sterile sector [5] [6] [7] [8] [9] [10] . Due to the large thermal effective potential, the mixing between sterile and active neutrino is suppressed in the early universe but is allowed to be large today. Hence the sterile neutrinos are produced efficiently only at low temperatures after recoupling [11] . This provides a very strong constraint that the T rec < 1 MeV which rules out small gauge couplings in the sterile sector [6] . Due to mixing, the lighter neutrinos also interact with the new gauge boson which affects their free streaming in the early universe which is constrained from CMB [12, 13] . It was recently pointed out that taking constraints from m ν rules out any viable parameter space for m s > 0.2 eV [14] . However, the authors also propose several scenarios which weaken these new constraints. For gauge coupling in the range 0.1 -1 , one requires a gauge boson of mass 10 -50 M eV to reconcile sterile neutrinos with cosmology. Moreover, such interactions can also be mediators to dark matter which can simultaneously solve the small-scale crisis of ΛCDM [10, 15, 16] .
It was shown in [17] that MeV scale secret interaction of neutrinos will give rise to absorption lines in the very high energy neutrino spectrum. Such lines can be seen by neutrino telescopes like IceCube. The IceCube HESE data has featured a prominent gap in the spectrum for neutrino energies in the range 400-800 TeV [18] [19] [20] . In the past, several authors have tried to explain this gap using resonant absorption in well motivated models such as ν2HDM [17] and gauged U (1) Lµ−Lτ [21] . Recently it was also proposed that one can explain the absence of Glashow resonance using t-channel resonant absorption [22] . All these explanations assume a flavor-universal single power law flux for incoming neutrinos. The IceCube data can also be explained by decaying dark matter [23] [24] [25] [26] [27] [28] , Leptoquark like states [29] [30] [31] [32] [33] , and my modifying assumptions of the source.
The Leptoquark explanation is highly constrained from LHC data [33] [34] [35] .
In this paper, we look at resonant absorption of cosmogenic neutrinos from both cosmic neutrino and sterile neutrino background. In section II we describe the model for sterile neutrino with self interactions. In Section III, we discuss the basics of neutrino absorption and explain a few benchmark scenarios. In Section IV we look at the six year IceCube data and provide some constraints on the model. We also provide the parameter space favored by IceCube independent of other short baseline experiments. In section V we provide the results and discuss certain aspects of the analysis before we conclude.
II. MODEL DESCRIPTION AND COSMOLOGICAL CONSTRAINTS
To accommodate light sterile neutrino with cosmology, we extend the Standard Model by introducing a left-handed sterile neutrino (ν s ) which is charged under an additional gauge symmetry
The new gauge boson (X µ ) would acquire its mass through spontaneous symmetry breaking in the hidden sector. The scalar responsible for the phase transition can also thermalise the sterile sector in early universe through Higgs' portal. The requirement of anomaly cancellation needs additional fermions in the spectrum which can be a dark matter candidate. However, for our analysis, we only focus on the sterile neutrino and its interactions.
The relevant part of the Lagrangian is the gauge interaction of the sterile neutrino which is given by,
In terms of mass eigenstates,
where g ij = g X U * si U sj . The 4 × 4 PMNS matrix is parametrised as,
where R ij is the rotation matrix in the i-j plane. We assume that the elements of the mixing matrix are real as contribution of the phases is negligible for the discussion that follows. We also fix the active neutrino mixing angles to the best-fit values from the oscillation measurements [36] ,
We have 6 free parameters in our model,
where m 4 is the mass of the fourth (mostly sterile) mass eigenstate and M X is the mass of new gauge boson.
The introduction of self interactions generates a finite temperature effective potential for the sterile neutrino of the form [10] ,
which modifies the effective mixing angle given by,
In the early universe when the temperature is high, the mixing angle is suppressed and the production rate of the sterile neutrino is negligible. As the universe cools, the sterile sector recouples to the Standard Model bath. If the recoupling temperature is > MeV, then the sterile neutrinos are thermalised before the Big Bang Nucleosynthesis takes place. Since they are relativistic during BBN, there are very stringent constraints from Planck. Hence, one requires the recoupling temperature to be less than an MeV. In [14] it was shown that the entire parameter space for the scenario is ruled out for m 4 ≥ 1 eV . However, it was also pointed out that there are several possible new physics effects that can alleviate these bound. One of the plausible scenario is where one adds new lighter particles in the model.
III. NEUTRINO ABSORPTION BY COSMIC NEUTRINO BACKGROUND
Until very recently, the source of ultra-high energy neutrinos was unknown. Advances in multimessenger astronomy have pointed towards blazars as possible sources [37] . During propagation through the cosmic media, these neutrinos can get resonantly scattered off the cosmic neutrino background which results in an absorption line in the neutrino spectrum. If only Standard Model interactions are considered, the absorption line (∼ 10 13 GeV) is undetectable at neutrino telescopes [42] . However, it has been known that secret interaction of the neutrino can also give rise to these lines which should, in principle, be detectable [43, 44, 51] . The absorption lines from sterile neutrino were first pointed out in [46] , and [47] applied it in the context of diffuse supernova background. In this paper, we attempt to explain the two dips in the IceCube spectrum using resonant absorption by heavy mostly sterile and the heaviest active neutrino.
We have assumed that, due to recoupling of the sterile neutrinos, the neutrino background has all four mass eigenstates in equal proportions and at the same temperature. For the benchmark scenarios considered in the paper, the recoupling is guaranteed [6] . The scattering cross section is,
where ν i are the mass eigenstates of the four neutrino species and Γ X = g 2 X m X /12π is the decay width of the new boson. The mean free path is,
where f i is the distribution function for the neutrinos given by,
and T i = 1.95 K for all four components. The approximation in the RHS of Eq. (10) is valid only when the neutrino is non-relativistic. The oscillation data suggests that at least two active neutrinos are non-relativistic today. As we shall see, the lightest neutrino gives absorption feature for higher energies and is inconsequential to our discussion. For the remainder of the paper, we assume Normal Hierarchy and neutrino masses to be
The case of Inverted Hierarchy is commented upon at the end of this section. One can see that,
which allows us to approximate,
The z dependence accounts for redshift during propagation. The survival rate of neutrino is given as [51, 52] ,
where z s denotes the redshift distance to the source and,
We have fixed the cosmological parameters to Ω m = 0.315, Ω Λ = 0.685, H 0 = 67.3 km/s/Mpc using the best fit values from Planck [4] . We also assume a power-law flux for each neutrino near the source. The flux of neutrino of flavor α ∈ e, µ, τ, s at Earth is,
Since the sterile neutrino will not generate any signal at the IceCube detector, the flux of neutrinos that can be seen by IceCube is simply,
where the parentheses in the last part indicate that R depends on the model parameters and incident neutrino energy only.
In Fig (1 are not very sharp and there is a broadening due to redshift during propagation. For a source located at z s , the dip in the spectrum occurs for the neutrino energies
where E res = M 2 X /2m i . This allows us to estimate the width of the dip as,
(c) Since the other active neutrinos are lighter, their absorption lines are at much higher neutrino energies. Hence, it is inconsequential for our analysis whether the lightest neutrino is relativistic or non-relativistic today.
The absorption lines are sensitive to the distance to the source. It can be inferred from (20) that the further the source, the broader will be the absorption line. We have assumed that the UHE neutrinos originate from blazars and non-blazar AGNs as opposed to spatially distributed sources like Dark Matter decay [37] [38] [39] [40] [41] . Future multi messenger observations will help us verify this hypothesis. For this analysis we assume that the sources are localised around a particular redshift, z s , which makes the calculations simple. The complete analysis which also considers distribution of the sources is beyond the scope of this work. Also note that, any source located very far from Earth (z s > 5) will have too broad absorption lines and contribute negligibly to the flux at high energies (> 200 TeV). This may be compatible with the fact that IceCube rarely sees events of such high energies. This inference cannot be made in the standard picture without secret interactions. Thus, if future multi-messenger observations infer that almost all the sources of UHE neutrinos are localized within a sphere, it will strongly hint at resonant absorption.
IV. CONSTRAINTS FROM FLUX OF NEUTRINOS AT ICECUBE
In IceCube six-year HESE data, 82 events passed the selection criterion of which two are coincident with atmospheric muons and left out [20] . The best fit for single power law flux is,
which has softer spectral index than the 3-year (γ = 2.3) [18] as well as the 4-year (γ = 2.58) data [19] . Once can attribute this to the pile-up of low energy events along with the lack of high energy events in the new data. A prominent feature that still remains is the apparent lack of neutrinos with energy 400-800 TeV. From one point of view, one should be able to see these neutrinos with more exposure. However, this may also hint at new physics. Another puzzling mystery is the absence of Glashow Resonance. In the Standard Model, the astrophysical neutrino can interact with the electrons in the detector volume and produce an on-shell W-boson. This happens for neutrino energy ∼ 6.3 PeV. Around this energy, the cross section for neutrino-electron scattering is several orders of magnitude larger than the charged and neutral current interactions with nucleons.
Thus we expect more number of events in the 3.6 PeV to 7.5 PeV bin. Due to this, the best fits to the data hint towards a softer spectral index. Several scenarios have been proposed to address the absence of Glashow events including active neutrino decay, ∆ + resonance, and novel flux [48] [49] [50] .
Now we examine the m s −M X parameter space that can explain the observed IceCube spectrum.
The following constraints are imposed:
1. If E res ∼ P eV , one cannot explain the observed PeV events at IceCube unless exceptional circumstances are evoked. To be general, we constrain the m 3 absorption line to be more than 3 PeV. Because of the broadening during propagation, the constraint depends on z s
This is shown in Fig. (2) as region bounded by green lines.
2. Since we wish to explain the dip in the spectrum using the fourth neutrino, we require,
which is shown as the blue shaded region in Fig. (2) .
3. We show the region in the parameter space that requires more than 1, 2, and 3 lighter sterile neutrinos in the full theory (cf. Eq. (10)).
It can be seen from Fig. (2) that only a small portion of the parameter space is compatible with all the constraints. With slightly relaxed assumptions, we chose the representative point
for our analysis. The gauge coupling is constrained from the restrictions on the recoupling temperature. We have chosen the benchmark point g X = 0.1 which is consistent. 
For the democratic case, we have checked that the choice 0.3 gives the best fit to the data. The maximal case is motivated by the mixing angles observed by MiniBooNE. We have chosen the spectral index to be 2.6 which is consistent with IceCube best fits. Any softer spectral index will result in reducing the flux of PeV neutrinos which is unwanted. For harder spectral index, one needs to assume larger values of z s to be compatible. The attenuated flux is shown in Fig. 3 .
V. CONCLUSION
To reconcile a light sterile neutrino of the type observed by MiniBooNE with BBN predictions, one must introduce gauge or scalar mediated interactions between the sterile neutrinos. Because of the lightness of the mediators required, there will be observable effects in the spectrum of highenergy neutrinos detected by IceCube. We have shown that the gaps in the spectrum at 400-800
TeV as well as beyond 2.6 PeV correspond to resonant absorption of two heaviest mass eigenstates.
The prediction for the model at IceCube are peaks beyond 6.3 PeV and dips corresponding to two lighter neutrino mass states. These features may be observable in future IceCube data. A generic feature of absorption during propagation is that energy gap in the spectrum widens with distance to the source. This renders IceCube invisible to ν sources beyond a certain z max . Future multi-messenger observations should be able to confirm this.
